Aim: Hearing loss is the most common sensory disorder that affects approximately one per 1000 live births. With this project, we aimed to identify gene variants that were common causes of hearing loss in Turkey to contribute to the planning of genetic screening programs for hearing loss, as well as to improve genetic counseling to affected families. Material and Methods: Twenty-one families with at least two affected individuals and parental consanguinity who presented with non-syndromic severe-to-profound sensorineural hearing loss were included in this study. We first screened for mutations in GJB2 and mitochondrial DNA 12S RNA genes. Subsequently, we genotyped the TMIE c. [250C>T] mutation in TMIE in one family. A homozygous region with SNP genotypes was detected with the OTOF gene in one family, the TMPRSS3 gene in another family, and also a homozygous region was detected with TMHS, OTOF, and TMPRSS3 genes in another family. Conclusions: Further research will be required to determine the genetic bases of hearing loss in families with non-syndromic hearing loss.
Introduction
Hearing loss is the most common sensory impairment that affects approximately one per 1000 live births. Genetic factors are responsible of approximately half of all cases and environmental factors are responsible for the other half (1) . Environmental factors include prenatal maternal infections including rubella and cytomegalovirus, prematurity, use of ototoxic drugs, postnatal morbidities including meningitis, mastoiditis and chronic middle ear infection, and history of trauma (2) .
Hearing loss originating from genetic factors is clinically classified in two groups including syndromic and non-syndromic hearing loss. Cases where no other organ system or laboratory findings accompany hearing loss are defined as non-syndromic hearing loss, and this group constitutes approximately 70-80% of hearing losses with a genetic origin (1) . Syndromic hearing loss constitutes the remaining 20-30% (1) . More than 400 syndromes that include hearing loss among the findings have been described until the present time. The most common syndromes that are accompanied by hearing loss include Pendred, Usher, Branchio-oto-renal (BOR), Waardenburg, and Alport syndromes (3) . These syndomes constitute 15-20% of the population with hearing loss (3) .
Autosomal recesive hearing loss constitutes 80% of non-syndromic hearing losses (4) . Up to the present time, mutations in more than 60 genes have been shown to cause non-syndromic autosomal recessive hearing loss (5). The gene loci specified for non-syndromic hearing loss are designated DeaFNess (DFN), the autosomal dominant gene loci are designated DFNA, the autosomal recessive gene loci are designated DFNB, and the loci on the X chromosome are designated DFN. While one mutation in an autosomal gene may be recessive and another mutation may be dominant, the same gene may be responsible for both syndromic and non-syndromic hearing loss (6) (7) (8) .
A significant portion of genetic hearing loss in many populations is explained with GJB2 gene mutations (9) . The m.1555A>G mutation found in the 12S RNA gene of mitochondrial DNA is one of the non-syndromic hearing loss mutations, which is especially common in Spain and Far East countries. In a study conducted with Turkish patients, the prevalence of this mutation was reported as 1.8% (10) .
Despite many studies, the etiology and molecular etiopathogenesis of hearing loss is still not clearly known. Involvement of proteins encoded by many different genes in the function of hearing is expected because the inner ear and hearing mechanism have a very complicated structure. When the intracellular functions of the genes identified were evaluated, it was observed that they may be adhesion molecules, enzymes, ion channels or carriers, and integral membrane proteins, and they may be involved in the cytoskeleton, extracellular matrix, nexuses, organizition of macromolecules, neurons or synapses, regulation of translation, and transcription and neurologic development (7) . The data obtained in recent years suggest that at least 1% of human genes are necessary for hearing (8) .
In our study, it was aimed to determine genetic changes that cause familial hearing loss in our community, and to contribute to genetic screening programs that would be established for hearing loss in the future and genetic counseling for the next generations. In addition, it will be possible to present the opportunity of preimplantation genetic diagnosis to patients with mutations that will be specified.
Material and Methods
The study was approved by the Erciyes University Ethics Committee (dated 04.01.2011, decision number: 2011/53) and supported by the Erciyes University Scientific Research Projects Unit with the Project number TSU-11-3483, and by the common Project of Miami University-Ankara University National Institute of Health (NIH) RO1 DC009645 (AU no: 2011ABH06739003). Informed consent was obtained from the families who accepted to participate in the study.
One hundred twenty-two individuals from 21 families who had two or more hearing-impaired children and consanguineous marriage, and whose pedigree suggested autosomal recessive inheritance were included in this study. Sixty-two of these individuals had hearing loss. On detailed clinical examination, patients with syndromes that accompanied hearing loss including Pendred, Usher, Branchio-oto-renal (BOR), Waardenburg, and Alport syndromes were excluded. The individuals who were affected had sensoryneural hearing loss that was congenital or had prelingual onset, and the severity ranged between mild to profound hearing loss. The diagnosis of sensoryneural hearing loss was made using standard audiometric tests.
DNA isolation was performed using the classic phenol chlorophorm method. In all affected individuals, primarily the encoding and non-encoding exons of the GJB2 (NM_004004) gene were reproduced using polymerase chain reaction (PCR) with appropriate primers under appropriate conditions and examined using sequence analysis (CEQ8800, Beckman Coulter, ABD). The mitochondrial DNA 12S RNA gene was reproduced using appropriate primers under appropriate conditions for m.1555A>G mutation, was cut with BsmAI (5'-GTCTCN↓N-3') restriction endonuclease enzyme (NEB, USA) and band differences were examined in agarose gel electrophoresis. Screening for the SLC26A4 (NM_000441.1),
genes was performed using the open array method (TaqManR OpenArrayR) in 12 families in whom m. 1555A>G mutations were not found in the mitochondrial DNA 12S RNA gene and no mutations were found in the GJB2 gene. These genes were selected among the genes that most commonly lead to hearing loss in the Turkish population. The single nucleotide polymorphisms (SNP) located in the open array platform were determined from the web site http://pga.gs.washington.edu/. The SNPs for each gene were selected primarily from inside the genes and from the 5' and 3' sites up to 15 000 bases considering the gene localization. In this study, SNPs that had a minor allele frequency of 0.2 and above and did not have linkage disequilibrium (LD values below 0.8 were included in the study) were evaluated. Subsequently, the distribution of SNP genotypes obtained from affected and unaffected family members in the family were pursued and gene regions that showed autosomal recessive inheritance were determined. The c.250C>T (p.R48W) mutation was added to the platform instead of polymorphic points for the TMIE gene.
Results
In our study, homozygous c.35delG mutations were determined in the GJB2 gene in subjects who had hearing loss in four families, and heterozygous c.457G>A (p.V153I) mutations were found in subjects who had hearing loss in one family. Combined heterozygosity was shown in subjects who had hearing loss in three families; two c In the open array studies performed in families, a c.250C>T mutation was observed in the TMIE gene in subjects who had hearing loss in family number 902 (Table 2a) . Homozygosity was seen in the OTOF gene in family number 909 (Table 2b) , in the TMPRSS3 gene in family number 910 (Table 2c) , and in the OTOF, TMPRSS3, and TMHS genes in family number 917 (Table 2d , 2e, 2f ). No genetic change was observed with the methods performed in the scope of this study in the remaining eight families.
Discussion
Literature comparison of mutations observed in the GJB2 gene It is known that mutations in the GJB2 gene have a significant role in non-syndromic hearing loss. Many different studies have been conducted in many different populations since mutations in the GJB2 gene were investigated for the first time in 1997 (9) . This gene is responsible for almost half of non-syndromic hearing loss with autosomal recessive inheritance. One hundred fifty different mutations have been identified in the GJB2 gene to date and different mutations are noted in different populations. Most of the pathologic mutations are located in exon 2, which is the encoding region of the gene. Again, the c.35delG mutation observed in this exon is the most important cause of non-syndromic hearing loss in our country and throughout the world.
The most common mutations in the GJB2 gene in Caucasians and Asckenasi Jews is the c.35delG mutation, followed by the c.167delT mutation. In populations in East Asia, c.235delC mutations are also commonly observed in addition to these mutations (11) .
In studies conducted in our country, the most common mutation found in the GJB2 gene among the other mutations is the c.-23+1G>A mutation (12). This is followed by c.360_362delGAT (p.delE120), c.71G>A (p.W24X), c.233delG, c.239A>G (p.Q80R), (13, 14) . The c.35delG mutation occurs as a result of deletion of a single guanine nucleotide in the sequence composed of six guanine nucleotides, and this leads to frameshift. Thus, a stop When considered by country, the carrier frequency of this mutation is 3.4% in Italy, 3.5% in Greece, 2.75% in France, and 2.8% in Malta and Portugal, whereas it shows a marked decrease in countries in America and Asia (16) . The carrier frequency in Turkey has been reported to range between 1.17% and 1.78% in different studies (17, 18) . In other studies conducted in Turkey, the c.35delG mutation has been found in 5-53% of individuals with hearing impairment (7, 10) . Although the frequency of (10) .
In parallel to variability of allele frequency in different populations, the frequency of non-syndromic hearing loss caused by homozygous c.35delG mutations shows great variance by races and populations. For example, homozygous c.35delG mutations have not been reported in studies conducted with individuals with non-syndromic hearing loss in China, Japan, Ghana, India, Korea, Pakistan, Taiwan, and Thailand (19, 20) . On the other hand, the frequency of homozygous c.35delG mutations was found as 1.8% in a study conducted in Denmark, and 40% in a study conducted in Slovakia (19 Hearing loss was present in 2 of 122 inividuals from 21 families included in our study (Figure 1a,  b) . Homozygous c.35delG mutations was identified in four families and heterozygous c.35delG mutations wers observed in three families. Studies have so far reported that GJB2 mutations generally cause severe (81-100 db) and profound (more than 100 db) prelingual sensoryneural hearing loss (23) . In the group included in our study, the level of hearing loss was compatible with the literature and profound hearing loss was present in all subjects who were found to have mutations.
A combined heterozygous c.IVS1+1G>A mutation was found in a family who was found to have a heterozygous c.35delG mutation in the GJB2 gene. This explains the cause of hearing loss in the family. The c.-23+1G>A mutation was first reported by Denoyelle (24) . The mutation is located in the first exon of the gene, which is non-encoding (rs80338940) and it was defined as -3170G>A in the years when it was initially demonstrated. It is predicted that it acts by impairing clipper function (24, 25) . Although there is a limited number of studies related with this mutation in the literature, the frequency of this mutation has been reported in recent years in some populations, including Turkey. The c.IVS1+1G>A mutation has been reported more comonly in the Czech population (it has been found with a rate of 4% among all pathologic GJB2 mutations) (26) . In a study conducted in Holland, the c.IVS1+1G>A mutation was observed as the third most common mutation following, c.35delG and del(GJB6-D13S1830) mutations (27) . In all these studies, a heterozygous mutation was found in the second encoding exon of the GJB2 gene. Again, this mutation was investigated in affected individuals who carried heterozygous mutation in the GJB2 gene in a study conducted in China and reported in 1.89% of the subjects (28) . In all these publications, it was recommended that this mutation should be investigated only in individuals carrying heterozygous mutations in exon 2. In addition, heterozygous c.IVS1+1G>A mutations were found in eight of 16 patients who had heterozygous mutations in exon 2 in a study by Tekin et al. (29) . In another study, Padma et al. (30) observed this mutation in individuals who carried no pathologic homozygous or heterozygous mutations in exon 2 (0.3% of the study group) and it was emphasized that this mutation should be studied in all individuals with non-syndromic hearing loss.
In one family in our study group, p.V153I variability, which is also expressed as c.457G>A, was found heterozygously, again in the GJB2 gene. Controversial data related with this variability are present in the literature; some studies considered it a polymorphism, whereas other studies reported it as a pathologic mutation that could lead to hearing loss (31, 32) . c.457G>A is reported to be a possible non-pathogenic SNP (rs111033186) in the National Center for Biotechnology Information (NCBI) website (33) . The fact that it was also found in individuals who had no hearing loss in previous studies supports the view that is a polymorphism.
In our study, a combined heterozygous c.507C>A (p.C169X) mutation that has not been defined in the literature was found in two families that were found to have heterozygous c.35delG mutations in the GJB2 gene. "TGC" encodes the amino acid cysteine and a heterozygous mutation is present in the third base of the codon. This mutation, which leads to a stop codon, leads to the production of a 169 amino acid protein instead of a 226 amino acid protein encoded by the GJB2 gene.
In the present study, it was shown that the cause of hearing loss was GJB2 mutations in seven of 21 families with non-syndromic autosomal recessive hearing loss (Table 1 ). Tekin and Arıcı (12) reported that the rate of GJB2 homozygous mutations as 34.3% among patients with non-syndromic autosomal recessive hearing loss in Middle Anatolia.
Variabilities found in patients who were evaluated using the Open Array method
The TaqMan® OpenArray® technology used in our study is a platform with a wide area of application, with which a large number of genotyping procedures can be performed using a limited number of samples and consumables. It was preferred because of its high-quality data and resolution. The reason that this screening method was selected was that the possibility of mutations inherited from a common ancestor to be homozygous was high because the mothers and fathers were relatives in all families included in the study, and at least two children were affected. Thus, information about the location of mutation could be obtained by screening the homozygous regions in affected individuals. The analysis stage of the method is based on homozygous block screening in affected individuals or in individuals in regions where heterozygosity is present in the mother, father or healthy siblings and relatives. Interpretation has been made considering segregation in families. The gene may be ignored and missed even if there is mutation in that gene when the relevant homozygous blocks are small because the genome can be screened only in certain intervals. In addition, the method does not give a definite result, and confirmation with classic sequence analyses is required. However, it is a fast and inexpensive method that can be used to exclude known genes in candidate gene studies.
In our study, a homozygous p.R84W mutation was identified in the TMIE gene with TaqMan® OpenArray® genotyping in one family. The TMIE gene encodes a protein named transmembrane inner ear protein. The gene is composed of 4 exons in the 3p21 chromosomal region (34) . The inner ear pathology observed in studies performed with mice in which the TMIE gene was affected showed that the gene was essential for maturation of sensory hair cells in the cochlea and development of steriocilia in the maturation process following a normal delivery (35) . To date, seven mutations have been found in this gene encoding a 156 amino acid protein in relation with non-syndromic hearing loss including two in the extracellular region (4-BP INS, 125CGCC, p.E31G), two in the intronic region (6-BP DEL/1-BP INS in intron 1, c.212-2A>C in intron 2), and three in the cytoplasmic region (p.R81C, p.R84W, p.R92W) (36) . When studies related with the TMIE gene were examined, mutations in the TMIE gene were reported at a rate of 6.6% in a study conducted in Turkey with 49 families who were not related to one another and had non-syndromic hearing loss (37) . In a large-scale study performed in Pakistan, mutations in the TMIE gene were identifed at a rate of 1.7%.
If the c.250C>T (p.R84W) mutation is to be evaluated alone, it was found in a family from North India for the first time (38) . In a subsequent study performed with a Turkish population in which 51 families were evaluated primarily, this mutation was determined in four families and afterwards 254 families were evaluated and the c.250C>T mutation was found in four more families. When the regional distribution was evaluated, the highest percentage was observed in Southeastern Anatolia (10.3%). It was thought that this mutation, which was observed in exon 3, occured more commonly as a result of the founder effect in Anatolia and it was recommended that the mutation should be added to non-syndromic hearing loss screening programs in Middle Eastern populations (34) . The fact that this mutation was found in a limited study group consisting of 21 families supports this recommendation.
In the group in which we performed screening, segregation was found in the OTOF gene in two families. The OTOF gene, which encodes the otoferlin protein, is expressed highly in the internal hair cells in the organ of Corti, utriculus, and sacculus and in the brain. It was determined that mutations in this gene led to non-syndromic recessive auditory neuropathy, which is a special type of hearing loss. Up to this point, more than 40 pathologic allelic variants have been reported (39) .
In a large-scale study that included 557 families in Pakistan, OTOF mutations were found in 13 families and reported to occur with a frequency of 2.3% (40) . In a study by Chiu et al. (41) , the OTOF gene was reported to be one of the most common causes of this type of hearing loss in Asian populations. In Spain, the prevalence of OTOF mutations was reported as 5% in all cases of non-syndromic autosomal recessive prelingual hearing loss (42) . In a study by Duman et al. (37) , the most common genes observed in the Turkish population in non-syndromic autosomal recessive hearing loss following the GJB2 gene were reported and the OTOF gene was reported to be the fourth relevant gene with mutations with a frequency of 5%, following MYO15A (9.9%), TMIE (6.6%), and TMC1 (6.6%).
In our study, segregation was found in the TM-PRSS3 gene in two families. The TMPRSS3 gene encodes transmembrane serin protease 3 and is expressed in the Dieters cells of the organ of Corti and in the stria vascularis (43) . It is thought that the protein is involved in sodium reuptake from the endolymph in amiloride-sensitive sodium channels (44) . In a study by Guipponi et al. (45) , it was emphesized that mutations in the TMPRSS3 gene were important in terms of enlightening the mechanism of hearing, though these mutations are not observed very commonly in populations with hearing loss. In a study by Wattenhofer et al. (46), a total of 448 families from Spain, Italy, Greece, and Australia were examined and mutations were found in the gene in question with a frequency of 0.45%. Again, the same study reported the frequency to be approximately 0.38% in Caucasians. In a study conducted in Pakistan in which 159 families were evaluated, mutations were found in the relevant gene in four families and the frequency in the Pakistani population was reported as approximately 2.5%.
In a study by Duman et al. (37) in the Turkish population, families with consanguineous marriage and with at least three children with hearing loss were screened and mutations in the TMPRSS3 gene were found with a frequency of 1.7%. Although segregation was found in two families in our study group, the TMPRSS3 gene is not one of the genes that commonly leads to hearing loss in light of the data obtained from the literature. It has been recommended that it should be studied in cases where variability is absent in genes in which mutations are commonly found, or screened with classic methods by adding array platforms in families who are found to have seggregation.
In our study, segreggation was found in the TMHS gene in one family. The TMHS gene encodes the tetraspan membrane protein in the hair cell sterocillia. It is thought that it is involved in morphogenesis of hair cells, and mutations in this gene may lead to vestibular dysfunction, corti injury, and anomalies in hair coils of the inner ear (47) . The effect of mutations in this gene on hearing loss was defined in mice for the first time and later by Shabbir et al. (48) in subsequent studies in two families including one from Pakistan and one from India.
Subsequently, two different mutations (c.649delG, p.Glu216Argfs*26 and c.494C>T, p.Thr165Met) were found in the TMHS gene in a study conducted with two large Turkish families by Kalay et al. (13) . In the same study, a c.649delG carrier state was found in control screenings. It is notable that only four mutations have been found in the TMHS gene in the literature, and two of these were observed in the Turkish population. There is a limited number of studies related with this gene. Therefore, it was added to the open array platform and included in our study.
Hearing loss was present in 62 of 122 individuals from 21 families included in our study. Homozygous c.35delG mutations were found in four families, heterozygous c.35delG mutations were found in three families and a c.457G>A polymorphism was found in one family in our study group. In one family, which was found to have a heterozygous 35delG mutation in the GJB2 gene, a heterozygous c.-23+1G>A mutation was also present. Heterozygous p.C169* (c.507C>A) mutations, which have not been described previously, were found in the other two families that were found to have heterozygous 35delG mutation in our study. Twelve families that were not found to have mutations in the GJB2 gene were examined in terms of 11 genes, which are known to lead to hearing loss, using the open array method. The mutation in question was investigated by adding one mutation (c.250C>T) to the platform instead of SNP, only for the TMIE gene. The c.250C>T mutation was found in the TMIE gene in one family. Informative homozygosity was found for the OTOF gene in one family, for the TMPRSS3 gene in one family, and for all three genes including the TMHS, OTOF, and TMPRSS3 genes in one family. We plan to perform sequence analysis in further studies in families that were determined to have informative homozygosity in our study. No genetic variability was found in eight of 21 families evaluated in this study and it we plan to investigate the genetic variabilities leading to hearing loss in further studies using more advanced and comprehensive techniques in these families and in the family that was found to have a c.457G>A polymorphism.
There are still unknown aspects of the etiology and development of hearing loss despite the high number of studies. It is to be expected that many different genes are involved because the inner ear and the mechanism of hearing have an extremely complex structure. As supported by our study, it is recommended that the GJB2 gene should be screened primarily using sequence analysis in candidate gene studies directed at hearing loss, and the known genes should subsequently be excluded using panels that have been used in recent years. Preparation of panels should be made according to populations, and the genes and mutations that are observed more commonly in different populations should have priority. The fact that the c.250C>T mutation in the TMIE gene, which is observed rarely, was found in our study group of just 21 families supports this recommendation.
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